Mechanical fault diagnostics for quality control of manufacturing appliances is often based on the analysis of machine vibrations. In the presence of mechanical faults, vibration signals comprise periodic impulses with a characteristic frequency corresponding to a particular defect.
INTRODUCTION
Vibration measurements are widely used in industry for detection of mechanical faults. As the faults may arise during the manufacturing process, vibration-based diagnostics is important for quality control of commercial products, such as household appliances. Therefore, extensive research [1] has been conducted to analyze critical mechanical components, such as bearings.
Among the vibro-acoustic sensors, accelerometers are the most frequently employed instruments for mechanical diagnostics. However, Rodriguez et al. [2] revealed several disadvantages of accelerometers, such as problematic installation during quality control in production lines. For this reason, vibrometers based on LDV (Laser Doppler Vibrometry) are particularly attractive for on-line quality control [2] [3] [4] owing to the non-contact nature of lasers. However, despite the advantages of LDV, vibration measurements on rough surfaces can be distorted by undesired surface effects, such as the speckle noise. This paper presents a new method for avoidance of speckle noise in LDV signals. The goal of the proposed method is either confirmation that the measured signal is undistorted, or selection of an unaffected signal portion when errors are present. The method is applied on LDV signals prior to the common diagnostic tasks, such as signal pre-processing, feature extraction and fault classification.
METHOD

Detection of speckle noise
As it has been assumed that speckle noise appears randomly and unpredictably, a statistical approach for detection of this error has been utilized. In general, many statistical methods investigate properties of the probability density function (PDF) of a vibration signal. However, instead of directly examining the PDF curve, it is generally more informative to calculate a suitable scalar indicator describing the shape of a distribution [1] . Among various shape indicators, kurtosis has been established as one of the most frequently used parameters in diagnostics (e.g. [1, 5] ).
Kurtosis is defined as the fourth central statistical moment normalized by the fourth power of the standard deviation:
Kurtosis can generally be used to indicate whether a data set contains impulsive components. It should be emphasized that kurtosis has been employed only for localization of random impulses caused by speckle noise, i.e. detection of periodic impulses related to mechanical defects is not concerned in this paper.
It has been observed that speckle noise has a character of random impulsive noise which contributes to generation of samples with extreme (outlying) amplitudes. Therefore, it can be assumed that vibration signals containing outlying values have been affected by this measurement error. For this reason, a specific indicator has been designed in order to express the amount of outliers in a signal. This indicator has been termed kurtosis ratio (KR) and is defined as:
where kurtosis 2 (x) is computed from the raw vibration signal x, and kurtosis 2 (x t ) is calculated from the trimmed signal x t . The trimmed signal is obtained by thresholding the raw signal:
where thr low and thr high is the lower and the upper threshold, respectively. Both thresholds are automatically computed in order to remove certain percentage of the lowest and the highest amplitudes. As a result, the value of 2 (x t ) represents a robust estimate of kurtosis, since it is unaffected by the presence of potential outliers.
Detection of speckle noise operates as follows. In the case of a well measured signal, the value of 2 (x) and 2 (x t ) are comparable and KR(x) is thus approximately equal to one. On the contrary, the value of KR(x) for a distorted signal is much greater than one, since outliers increase only the value of 2 (x). The signal is regarded as distorted when KR(x) exceeds the threshold of 2. This value was experimentally adjusted in order to achieve sufficient sensitivity with a minimum number of false alarms.
Selection of an undistorted region
As multiple measurements are very time-consuming, signals distorted by LDV errors cannot be rejected and measured again, since industrial production is a subject to high demands on time efficiency. Therefore, such signals must be analyzed and further processed in order to avoid the speckle noise and obtain a signal region without any undesired components.
An algorithm for validation of LDV signals has been developed. The input of the algorithm is a raw LDV signal; the output corresponds to the chosen undistorted region within the signal (when no errors are detected, the output equals to the input). The algorithm operates only in the time domain and consists of the following three main steps.
a. Band-pass filtering
A digital band-pass filter is used to separate a specific frequency band of interest. The filter is designed using the Parks-McClellan algorithm [6] in order to obtain a linear-phase FIR (Finite Impulse Response) filter. The band from 5 kHz to 10 kHz was selected to avoid structural resonance frequencies.
b. Segmentation
Filtered signal is divided into overlapping segments. Theoretically, the length of segments should be maximized, since confidence of statistical indicators increases with an increasing number of data points. On the other hand, segments should not be excessively long as good time resolution is necessary to detect the impulses of short duration. For this reason, 80% overlap is used in order to fulfill both requirements of accurate time resolution and sufficient segment length for reliable estimation of kurtosis.
c. Kurtosis ratio
Kurtosis ratio is computed for each segment s i of the filtered signal. If the condition KR(s i ) < 2 is fulfilled, the analyzed segment is regarded as undistorted. The region comprising the highest number of successive undistorted segments is chosen as the best candidate for the correct portion of the signal. 
RESULTS
This section provides examples of the signal validation procedure. Measurements were conducted on good (healthy) bearings of electrical motors and therefore no fault-related impulses should be present in the LDV signals.
The first example in Fig. 1 represents a successful case, in which the selected region is undistorted and the region length is satisfactory (31.6%). As can be observed, band-pass filtering highlights the impulsive components, although the full-band signal also exhibits several random impulses. Note that computation of STFT (Short-Time Fourier Transform) is not included in the algorithm, it is shown in Fig. 1 for visualization purposes only. On the contrary, filtering is necessary in the second example, in which the measurement error is considerably less evident. Indeed, the impulses can clearly be seen only in Fig. 2(c) , since the wide-band spectrum is dominated by structural resonance frequencies. Selection of an undistorted region is very difficult due to a large number of measurement errors. In fact, only a very short region is available (4.4%), resulting in a need to slightly shift the position of the laser beam and measure the vibration signal again, or inform the human operator about an excessively small amount of correct data. On the other hand, the selected region indeed remains undistorted as no random impulses can be perceived during the hearing test. 
VALIDATION OF SIGNAL DATABASES
The proposed algorithm can be used for two main purposes: 1) on-line validation of a currently measured LDV signal (prior to detection and classification of mechanical faults); 2) off-line validation of large signal databases. As requirements differ for each of these tasks, we have implemented the on-line system in the LabVIEW environment, whereas the off-line application was created in Matlab. Figure 3 depicts the control panel of our graphical user interface SVT (Signal Verification Tool).
The main advantage of SVT is the ability to automatically process an entire directory of files, where each file corresponds to one measurement. Overall results can be exported to an Excel table, which also contains numerical values of the input parameters, number of good and distorted signals, date and time of analysis and other informative indicators. In addition, detected region is automatically saved for each distorted measurement, and an image is stored for subsequent visual inspection (such as Figures 1 and 2) . The tool also provides flexible I/O settings, such as selection of file format (txt or wav), number of output images (1, 2, 4) and import/export of the algorithm parameters. In summary, SVT is intended to eliminate unnecessary manual labour when analyzing large amount of data, and it has been developed for easy preparation of testing signals for mechanical fault diagnosis. 
CONCLUSION
This paper presents a new method for the validation of vibration signals measured by Laser Doppler Vibrometry (LDV). The method is applied on LDV signals measured on rough surfaces, which are subject to undesired interference effects, such as speckle noise.
Detection of speckle noise is based on a new statistical indicator KR (kurtosis ratio), defined as a ratio of the standard kurtosis and a robust estimate of kurtosis. As a result, KR is able to express the amount of outlying samples in the data, and can thus be effectively used for detection of random impulses generated by speckle noise. As additional measurements are time-consuming, signals affected by speckle noise must be further processed in order to find an undistorted portion of the signal. Straightforward solution of this task has been obtained by computation of KR for individual segments of the analyzed signal. Moreover, sensitivity of KR is significantly improved by band-pass filtering, which enhances the random impulses hidden in the raw LDV signal.
As demonstrated by experimental results, the algorithm is able to effectively avoid the speckle noise generated on rough surfaces of bearings in electrical motors. Therefore, the method can play an important role in LDV-based diagnostic systems, since correctness of measured data should always be ensured prior to subsequent fault detection and classification. Advantages of the proposed method are simplicity, computational efficiency and low requirements on optimization of the input parameters.
Finally, validation of large signal databases is discussed and a graphical user interface SVT (Signal Verification Tool) is briefly presented.
